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Abstract: The aim of this work is to reduce the overexploitation of river sand by proposing
a combination of crushed sand and river sand to develop an optimal mix design for concrete.
The approach used consisted of a physical, chemical, and mineralogical characterization of aggregates
from three quarries located in Yaoundé (Cameroon), followed by the formulation of concrete by
substituting 100%, 90%, 80%, 70%, 50%, and 0% of the river sand with crushed sand. A physical
and mechanical characterization of the concrete was carried out, as well as a microstructural
characterization using SEM/EDS. The results showed that the concrete made of crushed sand only
had a higher drying shrinkage at a young age compared to the river sand concrete. Compared to
conventional concrete (made using 100% of river sand), the concrete with 50% crushed sand reduces
its slump value, has a lower porosity, and has a compressive strength value of 26.3 MPa at 28 days,
which is very similar to that of conventional concrete (26.7 MPa). Moreover, it was found that the
strength of the concrete increased by 14.4% and 20.6%, respectively, for concrete without crushed
sand (BSRO) and concrete with 50% crushed sand (BSR50) by increasing the curing age from 28 to
90 days. The static modulus of elasticity for conventional concrete BSRO and BSR50 concrete with
50% crushed sand at 90 days was 23.7 and 21.8 GPa, respectively. Thus, combining crushed sand
with alluvial sand is a good method to reduce the depletion of alluvial sands in Cameroon.
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1. Introduction

Concrete is a mixture, in well-defined proportions, of aggregates (gravel and sand), binders
(cement), water, and additives. Two types of sand can be used: (1) alluvial, from a river, (2) or crushed,
from a quarry. Some alluvial sands are generally low in fine particles, making it necessary to reduce
the porous structure of the concrete to ensure granular continuity between the cement and gravel for
better cohesion of the concrete [1]. It is, therefore, recommended to use sand with a spread grain size
and well-distributed continuity [2]. However, the scarcity of this type of sand, the overexploitation of
alluvial sands, and the development of aggregate quarry sites have led technicians and engineers to use
crushed sand for the production of concrete. On the other hand, very few scientific recommendations
are available for the use of crushed sand in Cameroon. Mixed design methods are usually based
on the experiences of field engineers on construction sites. This raises the issue of the influence of
crushed sand on the concrete’s physical and mechanical behavior, as well as its durability in the
concrete’s structure.

The experimental results from a study conducted by Benchaa et al. [3] indicate that rheological
properties and mechanical strength are improved with combinations of crushed sand and river
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sand. All mixtures were prepared using an ordinary Portland cement, CEM I 42.5. The study also
showed that crushed sand with limestone fines (10-15%) can be successfully used in the production of
self-compacting mortar (SCM) with good rheological and strength properties. The influence of sand
on the fluidity of the mortar showed that the workability of mortars differs according to the physical
characteristics of the particles, including particle shape and texture (angularity), fineness, and the
fines content of the crushed sand. Two series of mortars were prepared with the filler cement, IRAM
CPF-40. Moreover, sand lime-based mortars spread more easily than dolomite or granite mortars [4].
The research conducted by Abdullahi et al. [5] showed that concrete made from river gravel has the
highest workability, followed by crushed quartzite and crushed granite aggregates, producing concrete
with relatively lower workability where the paste is not necessarily sufficient to surround the aggregate
and provide the necessary lubrication. However, a reduction in compressive strength was observed
with an increase in dune sand content (up to 50%) in mortars based on binary and ternary sands.
The same researcher showed that the use of crushed sand is a practical solution to the overexploitation
of river sand.

Research on the drying shrinkage phenomenon using ASTM Type I Portland cement showed
that the drying shrinkage values of concrete with crushed sand were lower than those of concrete
with river sand. This was explained by the fact that the crushing fine sand (CFS) used had a larger
particle size distribution and hence, lower specific surface areas (SSAs) than the river sand [6]. It has
been suggested that the SSAs of aggregates are one of the properties that affects concrete shrinkage [7];
in general, a sample of an aggregate with a lower SSA (i.e., a larger particle size) will result in a lower
shrinkage of the concrete produced.

In the experimental work carried out by Luc Leroy et al. [8], at 28 and 90 days of curing, maximum
compressive strength values were obtained for normal concrete CN (37 MPa), followed by concrete
made with 25% river sand and 75% crushed gneiss (35 MPa). The analysis suggests that 75% partial
substitution of river sand by crushed sand can be used effectively in concrete production without
affecting the compressive strength of the concrete. Khouadjia et al. [9] indicated that in a fresh and
hardened state, the behavior of concrete is different depending on the mix design and the sand
characteristics. The authors showed that the best compressive strength at 28 days was obtained using
concrete with few fine particles (2.8%). The same study showed that the highest compressive strength
at all ages is provided by concrete made from quartzite aggregates, followed by river gravel and
then, granite aggregates. The study conducted by Rmili et al. [10] on the performance of concrete
with crushed sand and alluvial sand using CEM I 42.5 Portland cement showed that the optimal
strength is reached with 70% substitution of alluvial sand by crushed sand. A reduction in the voids
and improvement of compactness due to the fineness of the crushed sand explains these results.
The study on the strength and durability of concrete incorporating crushed limestone sand conducted
by Menadi et al. [11], using the same water/cement (W/C) ratio and Portland cement content at
350 kg/m3, showed that up to 15% of the fines (<80 um) contained in the crushed sand could be used
without affecting the compressive strength of the concrete. Other authors studied the influence of the
mineralogical sources of three different crushed sands (Granite GS, Limestone LS, and Steel Slag SS)
on the behavior of concrete (the same w/c ratio of 0.30). The authors showed that crushed sand from
granite is the most advantageous due to its high values of compressive strength and workability [12].

The testing of rocks from which aggregates were derived (basalt, granite, dolomite, quartzite,
and gravel) in [13], as well as high-strength and ordinary concretes, revealed the factors that affect
the stress—strain properties and modulus of elasticity of concrete. All mixtures were prepared using
ordinary Portland cement, CEM I 42.5. The modulus of elasticity increased for the concretes produced
with aggregates composed primarily of quartz (quartzite and granite). Much higher increases in the
modulus of elasticity values were observed for concretes made with dolomite and basalt aggregates.
This is likely due to the stiffness of the aggregates and related to the good adhesion of the paste.
Moreover, the authors concluded that this aggregate can provide a significant increase in the modulus
of elasticity in both ordinary concrete and high strength concrete.
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The literature review shows that most studies on the use of crushed sand in concrete design have
focused on sand’s influence on the mechanical and rheological behaviors of concrete. However, very few
studies have been oriented toward the study of concrete’s microstructure. Moreover, few practical
recommendations are available on the proportions of quarry sand to be used in the formulation of
concrete, and very few studies have been carried out on this issue. Thus, the aim of this research is
to propose the optimal proportions of crushed sand and alluvial sand in the mix-design of concrete,
with the aim of providing satisfactory workability, microstructures, and mechanical properties.

The approach adopted in this work involved selecting and characterizing aggregates from
three quarry sites in Yaoundé (Cameroon) and alluvial sand from Sanaga river (Cameroon). Then,
the mix-design of the concretes with crushed sand and river sand (using gravel from the quarry from
which the crushed sand was extracted) was carried out to assess the influence of crushed sand on the
workability, shrinkage, porosity, compressive strength, and static modulus of elasticity of concrete.
The aim of this study is to propose an optimal mix-design combining these two sands.

2. Materials and Methods
2.1. Material Characterization

2.1.1. Cement

The cement used in this study was Portland cement NC CEM, class 42.5 R, with a fineness
of 3425 cm?/g and a density of 3.14 g/m® [8] from Dangoté company (Cameroon). The chemical
composition of the cement (Table 1) was determined by X-ray fluorescence on an ICP-AES spectrometer,
according to DIN EN ISO 12677. The mineralogical composition of the cement is presented in Table 2
(as per the composition given by the supplier). The percentage of the alkali equivalents of the cement
(% NapO + 0.658% K,0) [14] was 1.62%.

Table 1. Chemical composition of the cement (%). (LOI-loss on ignition)

Elements Si02 Alz 03 Fez 03 MnO MgO CaO NaZO Kzo TiOZ Pz 05 LOI
Proportions (%) 25.99 7.23 6.35 0.13 2.56 48.91 1.02 0.91 0.97 0.26 2.67

Table 2. Mineralogical composition of the cement (from the technical sheet).

Constituents C3S C2S C3A C4AF
Proportions (%) 50-65 15-20 <7 <5

2.1.2. Sand

The crushed sands used in this study came from three quarry aggregate mining sites in Yaoundé
(Cameroon). The quarry sites operated by the Arab Contractor (A), Gracam (G), and Razel (R) are
denoted SA, SG, and SR, respectively. The river sand came from the Sanaga (S) River (running from
north to south in Cameroon) and was denoted as SS. Samples of all these sands are shown in Figure 1.
The granular classes were, respectively, 0/6 and 0/5 for the crushed sand and river sand. Table 3
presents the physical characteristics of the sands, measured by the following standards: NF P18-101,
NF P 18-540, NF P 18-598, fines content, the fineness modulus and the sand equivalent, and apparent
and specific density. These results show that the fine fraction varied from 1.4% to 8.3% (the lower
fine content was found for the river sand), while the fineness modulus remained somewhat stable
(around 2.6). The sand equivalent test provided a percentage between 82.5% and 95.5%, reflecting
the great cleanness of the sands, but with the risk of causing a defect in the plasticity of the concrete,
as reported in [15]. The chemical compositions of the sands were determined by X-ray fluorescence on
an ICP-AES spectrometer. Table 4 shows similar compositions of all crushed sands. The proportions
of aluminum and iron (Fe,O3 + Al,O3) were 23.45%, 25.42%, and 21.39%, respectively, for SA, SG,
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and SR, but this proportion reached only 5.5% for the river sand, SS. These high values of aluminum
and iron are likely due to the amorphous phase in crushed sands. The crushed sand had a calcium
content (CaO) around 7 times higher than that of river sand. These sands are siliceous, with a negligible
trace of calcium. Crushed sands have similar mineralogical characteristics. The morphology and the
differences in composition between the crushed sand and river sand were studied by using an SEM
equipped with an electron probe microanalyzer, coupled with Energy Dispersive Spectroscopy (EDS)
examinations (JEOL JXA—S8500F and a Hitachi S-3400N). Figure 2 shows the microscopic observations
of sands SR (Figure 2a) and SS (Figure 2c), and EDS spectra of sands SR (Figure 2b) and SS (Figure 2d).
The differences in the heights of the peaks show the differences in the chemical composition of the
river sand compared to the crushed sand.

Figure 1. Pictures of the sands: SA (Sand from Arab contractor); SG (Sand from Gracam); SR (Sand from
Razel); SS (Sand from Sanaga).

Table 3. Physical characteristics of the sands.

Sand  Fines Content (%) Fineness Modulus  Sand Equivalent (%) Apparent Density Specific Density

(kg/m?3) (kg/m®)
SA 6.3 24 87.3 1674 2746
SG 8.3 2.7 89.9 1872 2865
SR 7.6 2.6 825 1825 2790
ss 14 25 95.9 1397 2623

Table 4. Chemical composition of the crushed sand (%) from ICP-AES (DIN EN ISO 12677).

Sand SIOZ A1203 Fe203 MnO MgO CaO NaZO Kzo T102 P205 LOI

SA 65.50 15.69 7.76 0.16 2.74 1.37 1.76 2.68 0.95 0.14 0.57
5G 62.55 16.61 8.81 0.19 3.18 1.68 1.84 2.68 1.00 0.17 0.41
SR 67.53 13.73 7.66 0.14 243 222 1.82 2.13 1.03 0.19 0.48
SS 90.16 3.96 1.54 0.03 0.08 0.23 0.43 2.01 0.23 - 0.79
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Figure 2. SEM images of the sands: SR (a) and SS (c); EDS spectra of sands: SR (b) and SS (d).
2.1.3. Gravel

In this study, all the gravel used was of class 5/15. Gravel from three quarries (the Arab contractor,
Gracam, and Razel) was used, denoted as GA, GG, and GR, respectively. Table 5 presents the apparent
density and specific density of the gravels used. These properties were evaluated according to the
following standards: NF P18-560 and NF P18-554. Table 6 presents the chemical composition of the
gravel. These results are globally similar to those obtained for the sands. Pictures of a petrographic
analysis of thin slices of the different rocks in the analyzed polarized light (LPA), using a petrographic
optical microscope according to the method described in [16], are presented in Figure 3. Table 7 provides
an estimate of the major minerals present in the different rocks. The analysis shows that the rock from
the Arab Contractor (A) quarry (Figure 3a) corresponds to gneiss with biotite and garnet with minor
micaceous content and a heterogranular and oriented granolepidoblastic texture. The rock from the
Gracam (G) quarry (Figure 3b) corresponds to biotite garnet quartzite gneiss, with a heterogranular
and oriented granoblastic texture. The rock from the Razel (R) quarry (Figure 3c) corresponds
to gneiss with biotite and kyanite, with a granoblastic texture and a heterogranular and oriented
granolepidoblastic trend.

Table 5. Apparent density and specific density of the gravel.

Gravel Apparent Density (kg/m3)  Specific Density (kg/m3)
GA 1598 2816
GG 1615 2846
GR 1654 2822

Table 6. Chemical composition of the crushed gravel (%). LOI—loss on ignition.

Gravel SiOZ A1203 F6203 MnO MgO CaO Na20 K20 TiOZ P205 LOI

GA 68.54 14.45 591 0.11 223 1.33 2.11 3.86 0.76 0.11 0.51
GG 67.08 14.24 6.84 0.12 2.76 2.05 2.01 2.52 0.88 0.16 0.70
GR 68.36 13.22 7.20 0.12 2.29 222 2.00 1.95 0.95 0.23 0.42
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Figure 3. Polarized light image analysis (LPA) of mine blades: Arab Contractor (a); Gracam (b); Razel (c).

Table 7. Mineralogical composition of the different rocks (%).

Minerals Quartz Feldspar Biotite Garnet Disthene Muscovite
A 35-40% 15-25% 25-30% 5-15% 2-4% <1%
G 65-70% 10-15% 5-7% 2-5% 3-5% <1%
R 50-55% 20-22% 30-35% 2-3% 7-10% <1%
2.2. Methods

2.2.1. Concrete Mix Design

In this investigation, 18 concretes mixes were produced by substituting river sand with crushed
sand in the following volume proportions: 100%, 90%, 80%, 70%, 50%, and 0%. The Dreux—-Gorisse [17]
method, based on a particle size analysis of the aggregates whose grading curves are shown in
Figure 4, was used for the mix-design. These curves show a uniform (tight) grading of the river sand,
while the grading of the crushed sand was spread out. For all concrete mixtures, the cement and
water/cement (w/c) ratio were kept constant at 350 kg/m> and 0.6, respectively. The concrete mixing
and sample preparation were carried out in accordance with the standard NF 12390-1. The workability
of all concretes was determined by a slump test on fresh concrete, following the procedure described
in the standard NF P 18-451. The compositions per 1 m? of concrete in all formulations are given
in Table 8. The nomenclature of the concrete is presented as follows: B (concrete) and S (sand),
while the following letter (A, G, or R) designates the quarry, the number (100, 90, 80, 70, 50, or 0)
designates the corresponding proportion of crushed sand, and the next two letters designate the gravel,
as indicated above.
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—o0— GG i =
- 80 g‘o
— @ — 100% SG g =]
E 703
...... A 100% SA F <
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Figure 4. Grading curves of the different sands (100%) and gravels.



CivilEng 2020, 1 187

Table 8. Mix-design of the concretes.

Sources of Concrete Formulation Cement (kg) Water (kg) River Sand (kg) Crushed Sand (kg) Gravel (kg)
Aggregates

BSA100: 100%SA: GA 350 205.9 0 620.08 1126.46

BSA90: 90% SA-+10%SS:
Arab Contractor’s CA 350 205.9 63.79 574.12 1116.52
aggregate concretes BSAS80: SOé:A-*—ZO %SS: 350 205.9 127.86 511.46 1110.49
BSA70: 70 é’:A%O oSS: 350 205.9 194.05 452.78 1096.55
BSA50: 50 é:’A+5 0%8S: 350 205.9 333.06 333.06 1080.55
BSAO: 100% SS: GA 350 205.9 613.33 0 1136.37
BSG100: 100%SG: GG 350 205.9 0 634.66 1132.11
, BSGO0: 90% SG+10%SS: 350 205.9 64.35 579.23 1126.64

Gracam’s aggregate GG

concretes BSG80: 80 éGSG*zO oSS: 350 205.9 130.93 523.73 1116.61
BSG70: 70 éGSG +30%8S: 350 205.9 200.35 467.48 1106.55
BSG50: 50 éGSGJr5 0%8S: 350 205.9 328.95 328.95 1146.52
BSGO: 100% SS: GG 350 205.9 622.21 0 1142.37
BSR100: 100%SA: GR 350 205.9 0 643.58 1106.64
BSR90: 90% SA+10%SS: GR 350 205.9 65.47 589.19 1096.61
Razel’s aggregate BSR80: 80% SA+20%SS: GR 350 205.9 132.93 531.73 1089.61
concretes BSR70: 70% SA+30%SS: GR 350 205.9 202.75 473.03 1076.58
BSR50: 50% SA+50%SS: GR 350 205.9 333.46 333.42 1136.55
BSRO: 100% SS: GR 350 205.9 621.16 0 112643

2.2.2. Experimental Schedule

1.

Physical properties

Density of concrete: The density measurement was carried out after 28 days of curing
conservation using tap water at 20 + 2 °C. A series (3 cylindrical samples of 50 X 150 mm) of
concrete samples was then removed from the storage water. Next, the samples were dried
in a ventilated oven at a temperature of 80 °C until the mass stabilized (a difference of less
than 0.05% between the two weighing operations spaced 24 h apart, to an accuracy of 0.01 g).
Density tests were performed according to ASTM C 642-13 [18], and the density value was
evaluated as follows (Equation (1)):

A
C-D

pc = 100 x 1)
where A is the mass (g) of the oven-dried sample in air, C is the mass (g) of the saturated
surface-dried sample in the air, and D is the mass (g) of the sample in water after immersion.
Water porosity: The water porosity test was carried out after 28 days of curing on 5 samples
in accordance with the standard NF P 18-459. The porosity was then computed as follows
(Equation (2)):

Msar — MdryutT
Msat — Muater

where Mg is the mass (g) of the saturated specimen in the air, Mgy 4 7 is the mass (g) of
the dried specimen at the desired temperature, and M., is the mass (g) of the saturated
specimen under water.

P =100 x @)

Gas permeability: The gas permeability of the different concretes was measured using the
Cembureau method [19]. For each concrete, measurements were carried out on three 50 mm
thick and 150 mm diameter discs. After 28 days of curing in water, the samples were dried
in a ventilated oven at a temperature of 80 °C until the mass stabilized (a difference of
less than 0.05% between the two weighing operations spaced 24 h apart, to an accuracy of
0.01 g) [20]. The underlying principle used for this test was the Hagen—Poiseuille relation for
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the laminar flow of a compressible fluid through a porous body under steady-state conditions.
Hagen-Poiseuille (Equation (3)) allows one to determine the specific permeability coefficient:

Z'Patm'Q'LH

A-(P2-p2

Kgas =
atm)

®)

where Q is the volume flow rate of fluid (m3/s); L is the thickness of the specimen (m) = 0.05 m;
A is the cross-sectional area of the specimen (m?) = 7.854 x 1073; y is the dynamic viscosity
of the fluid (Nitrogen) at 20 °C (Pa.s) = 1.76 X 107>; Py, is the atmospheric pressure
(Pa) = 101,325 Pa; and P is the inlet pressure (Pa). Using Kgas for different inlet pressures,
the intrinsic permeability of the concrete can be calculated using the method of Klinkenberg
(Equations (4) and (5)) [21]:

K= Kint(l + Pﬂ) 4)

m

PO+Pat1n
= 5
> ©)

where Py is the atmospheric pressure (Pa), § is the Klinkenberg constant, and Kjp: is the slope
of line of Klinkenberg.

Py,

Drying shrinkage: The measurement of drying shrinkage was carried out on prismatic
concrete specimens 70 X 70 X 280 mm 24 h after confection under climatic conditions at
T =20+ 2 °Cand 50 + 5% RH, according to the conditions described in standard NF P 18-427.

2. Mechanical properties

Compressive strength: The compressive strength was determined on 3 cylinder specimens
that were 160 mm in diameter and 320 mm in height at 7, 21, and 28, days of curing in a
water tank at a temperature of 20 °C, in accordance with the standard NF P 18-406. For tests
at 90 days of curing, cylinder specimens 110 mm in diameter and 220 mm in height were
used. The average laboratory target strength was 25 MPa at 28 days.

Static modulus of elasticity: For the static modulus analysis, cylinder specimens 110 mm
in diameter and 220 mm in height were used. The test was carried out after 90 days of
curing, simultaneously with the compressive strength, and on the same samples. Static
modulus values were determined only for concretes made with 50% and with 100% of river
sand. An hydraulic press with a capacity of 3000 kN and a travel speed of 0.5 MPa/s was
used for the compression test, according to the standard NF EN 12390-3. The concrete
specimens were carefully surfaced with sulfur and were instrumented by a set of four
strain gauges placed on the lateral surface and at the mid-height of the specimen, two of
which were placed longitudinally, two of which were placed horizontally, and two of which
were diametrically opposite, as shown in Figure 5. The data acquisition unit recorded the
deformation every 0.001 s, while the hydraulic press recorded the stress evolution and the
compression displacement every 0.1 s. The plot of the stress—displacement curve was made
directly from the data recorded by the hydraulic press. For the plot of the stress—strain curve,
the data recorded in the data acquisition unit were filtered to retain only the deformations
corresponding to 0.1 s to match the stresses of the press.

3.  Scanning electron microscopy

Microstructural analysis was carried out on samples of Equivalent Concrete Mortar (ECM).
This process consisted of replacing the granular skeleton with sand while keeping the same volume of
cementitious paste and the same amount of cement [22]. We focused on mixtures corresponding to
mortars with 100%, 50%, and 0% SS and SR sands. The corresponding mortars are rated MSR0 and
MSR50. The dimension of the 1.5-2.0 cm sample was taken out from the core of concrete specimen.
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Dried samples were impregnated into an epoxy resin (as shown in Figure 6) [23], and were polished
using a semi-automatic polishing machine. An SEM equipped with an electron probe microanalyzer,
JEOL JXA—8500F, and an Hitachi S-3400N with a backscattered electron detector (BSE) and energy
dispersive spectroscopy (EDS) were used to obtain details on the porous structures and microcracks,
produce silicon chemical mapping, and develop a calcium analysis of the mortars.

Figure 5. Concrete specimen with strain gauges under the compression test.

Figure 6. Resin-conditioned and polished samples.

Images of the equipment used in this study as well as images of the curing of concrete samples
are presented in Supplementary Materials.

3. Results and Discussion

3.1. Concrete Workability

Figure 7 shows the slump test results as a function of the proportion of crushed sands. A strong
linear regression of the concrete slump with aggregates from the three quarries (with square regression
coefficients of at least R? = 0.95, 0.94, and 0.99, respectively, for concrete with aggregates from the Arab
Contractor, Gracam, and Razel quarries).

The crushed sands, BSAQ, BSGO, and BSRO, featured a semi-dry mix (class S2; 5-9 cm), while the
river sand concretes BSA100, BSG100, and BSR100 used a wet mix (class S3; 10-15 cm), according to
the NF P 18-451 standard. This is consistent with the conclusions of other researchers that the use
of crushed sand in concrete can increase the water and cement content to help maintain adequate
workability [24]. The for all concretes. This variation in workability can be attributed to the same
volume of cementitious paste being used in the formulation of all concretes, as well as to the high
surface tension on the surface of the fines contained in the crushed sand [3]. The proportions of fine
particles contained in river sand are low compared to those in crushed sand. However, for the BSA50,
BSG50, and BSR50 concretes, we observed a slump globally close to 8 cm, the targeted slump value
outlined in the hypothesis. This paste is not necessarily sufficient, however, to surround the aggregates
and provide them with the necessary lubrication, as reported by Abdullahi et al. [5].
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Figure 7. Evolution of the slump as a function of the proportion of river sand.
3.2. Drying Shrinkage of Concrete

The evolution of deformation due to the drying shrinkage of young concretes made from 100%
crushed sand and 100% river sand is shown in Figure 8.
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Figure 8. Drying shrinkage of the concrete mixes at a young age.

The results show that shrinkage increases very swiftly during the first days of curing for all
concretes, indicating that the water balance has not yet been reached. This can be explained by the
accelerated evaporation in the initial phase of the concrete, the high wy/c ratio (0.6), and the slow
speed at which the water can reach the surface of the specimen of all concretes [25]. The shrinkage
in dimensions can be explained by the drying of the free water in the concrete interstices, leaving a
fine network of pores of different sizes. Capillary tension is created on the faces of the pores with fine
diameters; as a result, the volume of the concrete contracts. The figure shows two distinct groups of
shrinkage evolution curves, with high values for the concrete containing 100% crushed sand compared
to the concrete made from 100% river sand. This difference can be explained by the high level of fines
in the crushed sand (around 7.4% for crushed sand versus 1.4% for river sand), which is different from
the results of Kou et al. [6]. This difference can also be explained by the fact that the particle size of
river sand is generally larger than that of gneiss crushed sand, in contrast to the granite crushed sand
used by Kou et al. In general, a sample of an aggregate with a lower SSA (i.e., a larger particle size)
would result in a lower shrinkage of the concrete produced [7].
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3.3. Water Porosity and Density of Concretes

The results of the water accessible porosity and density of concretes with 50% and 0% crushed
sand are shown in Figure 9.
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Figure 9. Water porosity (a) and density (b) of mixtures.

The water porosity values range from 17.1 to 19.4% (Figure 9a). The water porosity of concrete
decreased with the use of crushed sand by 50% compared to the concrete containing 100% river sand.
The decrease in water porosity between BSAO and BSA50, BSGO and BSG50, and BSR0 and BSR50 is
about 9.7%, 10.5%, 10.4%, respectively. Thus, concretes composed of river sand are more porous than
those made with crushed sand. This is due to the reduction of the porous structure by the fine particles
of the crushed sands.

From these results, it can be seen that the concrete density ranged from 2.32 to 2.41 (Figure 9Db),
with the lowest value obtained for BSAQ concrete and the highest for BSG50 concrete. The relative
variations of the values of density between the BSA50 and BSAO, BSG50 and BGAQ, and BSR50 and
BSRO concretes were, respectively, 2.9%, 2.7%, and 2.6%, indicating that the 50% sand mixture did not
have a significant influence on the density of the concrete. Concretes made with 50% sand mixes were
the densest and least porous. This is due to the higher density of crushed sand compared to river sand.

3.4. Gas Permeability

The results of the intrinsic gas permeability measurements of concretes with 50% and 0% crushed
sand are shown in Figure 10.
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Figure 10. Gas permeability of the concrete mixtures.

Figure 10 (permeability) shows a similar variation with Figure 9 (the water accessible porosity
of concrete). Concretes BSA50, BSG50, and BSR50 provide the lowest intrinsic permeability values,
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estimated at 6 X 107 m?2, 8 x 107 m?, and 8.5 x 1077 m?, respectively. The highest value
is 10 x 107 m?, corresponding to the BSRO concrete. Therefore, the water accessible porosity is
consistent with the gas permeability. These results are related to the fines of the crushed sand,
which helped reduce the porosity of the concrete. This result is in agreement with the work of
Layachi et al. [26].

3.5. Compressive Strength at 7, 21, and 28 Days

The values of the compressive strength of the concrete mixtures at 7, 21, and 28 days of curing in
water are shown in Figure 11.
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Figure 11. Compressive strengths for different mixtures.

The compressive strength values are the averages obtained from three cylindrical specimens with
dimensions of 160 x 320 mm. For all curing ages, overall test results showed that the compressive
strength values obtained using aggregates from the tree quarries (for mixes with the same proportion)
are similar. The compressive strengths of all the concrete mixes varied between 17.5 MPa (BSG100)
and 28.4 MPa (BSA0). At 7 days, the compressive strength values ranged from 17 to 20 MPa
and were practically similar for almost all concretes. At 21 days of curing, a relatively slight and
disparate evolution was observed for all formulations, with the highest value obtained for BSAO.
At 28 days, for each of the three quarries, the highest values of compressive strength were obtained for
concretes composed only of river sand BSAO, BSGO, and BSRO0, followed by BSA50, BSG50, and BSR50.
We observed a non-significant decrease in the compressive strength between BSA0 and BSA50, BSG0
and BSG50, and BSRO and BSR50 of 5.1%, 1.1%, 1.7%, respectively, where the use of crushed sand
improved water porosity. However, the values of compressive strength were reliable for C25/30 class
concrete. Moreover, the replacement of 70%, 80%, 90%, and 100% of the crushed sand decreased
the compressive strength of the concrete compared to the conventional concrete with river sand.
These results can be explained by the high proportions of fine particles in the crusher sands, compared
to the river sand. The results obtained here differ slightly from those of Luc Leroy [8], showing that the
substitution of river sand with 75% crushed sand provides high strength values at 28 days. However,
these differences can be explained by the conditions under which the cement content was carried out
in the two experiments
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3.6. Static Modulus of Elasticity and Compressive Strength at 90 Days

Figure 12 shows the variation of stress as a function of compressive displacement (Figure 12a)
and the elastic parts of the stress—strain curves (Figure 12b) of concretes with 50% and 0% crushed
sand at 90 days of age. Table 9 shows the values of the modulus of elasticity and the evolution of the
compressive strength of concretes BSR0, BSGO, BR50, and BSG50.
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Figure 12. Stress—displacement graph of concretes (a); stress—strain graph of concrete BSRO (b).

Table 9. Static Modulus and Compressive Strength.

Tests BSRO BSGO BSR50 BSG50
Static Modulus (GPa) 23.7+09 220+0.7 21.8+0.2 212+0.3
Compressive strength (MPa) 332+13 321+1.0 31.1+0.6 31.1+05

The average values of the static modulus of elasticity of concretes BSGO and BSRO were 22.0 GPa
and 23.7 GPa, corresponding to a relative decrease of 5.8% in the value of the modulus of elasticity
of conventional concrete (with river sand) compared to the concrete with 50% crushed sand. Thus,
the variation of the mean value of the elastic modulus as a function of the proportions of crushed sand
in the concrete (0% and 50%) was not more than 6%.

The average compressive strength at 90 days ranged from 31.06 MPa (BSR50) to 33.21 MPa (BSRO0).
They are in the same resistance class (C25/30), and the difference (2.15 MPa) is non-significant. However,
the difference may be due to the difference in hydration between concretes (the w/c ratio being constant
for all mixtures). These compressive strength values increased by 14.41% and 20.61%, respectively,
for the BSRO and BSR50 concrete from 28 days to 90 days of age. This difference in variation reflects the
fact that before 28 days of curing, free water was retained in the pores of the concrete containing 50%
crushed sand. At 90 days of curing, the free water was almost totally released, allowing the concretes
with 50% crushed sand to reach their optimal performance.

3.7. SEM and-EDS Analysis

In accordance with the similarities observed in the chemical composition of the crushed sands,
and considering the above mechanical results, we focus in this section on the microstructure of the
mortar corresponding to the concrete with river sand (BSR0) and that corresponding to the concrete
with 50% crushed sand from the Razel quarry (BSR50).

3.7.1. Pore Structure and Microcracking

The effect of granular dispersion on the paste microstructure of BSRO and BSR50 is shown in
Figure 13.
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Globally, the backscattered electron mode images showed parts of the non-hydrated cement
appearing in white (much more intense on BSR0 than on BSR50), hydrates in medium grey, aggregates
in dark grey, and voids in black. Slightly less open micropores (about 10 um) were observed on the
BSR50 concrete (Figure 13b). These micropores were more open (about 25 pm) on the BSR50 than on
the BSRO concrete (Figure 13a). This situation is explained by the very low rate of fines in the river sand
and the results obtained in the water porosity section. There were also small channels of about 1-2 um
at the aggregate/cement matrix interface for the BSR50 concrete, which were less commonly observed
on the BSRO concrete. This difference may be due to the removal of paste during the preliminary
processing of the sample or due to slightly dislodged sand grains during the polishing step [27].
This is an area with progressive change in the microstructure [23]. SEM observations provided a good
understanding of the porosity results. The development of microcracks was also observed within the
reactive particles of the aggregates and in the cement paste on the concrete samples. These microcracks
were more open for SSBO than for SSB50.

Figure 13. SEM topography of the polished surfaces of the pastes of concrete BSRO (a) and BSR50 (b).
3.7.2. Chemical Mapping of Silicon and Calcium Analysis

Figure 14 shows the EDS chemical mapping of silicon (Si) and calcium (Ca) on the BSRO (a) and
BSR50 (c) concretes after their inclusion into the resin and polishing along with the corresponding
spectra at the paste—aggregate interface: BSR0 (b) and BSR50 (d).
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Figure 14. Silicon (5i) and calcium (Ca) mapping of the BSRO (a) and MSR50 (c) EDS spectra concretes,
as well as BSRO (b) and MSR50 (d).
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Analysis of the maps shows that concrete composed solely of river sand (Figure 14a) presented
several silica agglomerates with irregular shapes and sizes ranging from 20 um to several hundred
micrometers, unlike the concrete made with 50% of crushed sand (Figure 14c). This observation can be
explained by the high level of silica (5iO;) in the river sand, as shown in Table 5. The presence of silica
was verified by the existence of silicon (Si) and oxygen (O;) and by the (almost total) absence of calcium
Ca, as illustrated by the spectrum (Figure 14c). The cement paste rich in calcium (which appears as
pink in Figure 14a and as blue in Figure 14c) filled the spaces between the aggregates. The paste
incorporated fine particles containing 100% crushed sand mortar, while the paste with 100% sand river
mortar appeared more porous with a non-homogeneous blue color (the porosity appeared black or
dark blue in the cement paste). In comparison, the cementitious matrix of the mixed sand mortars
(Figure 14c) seemed more homogeneous with a better granular dispersion. The crushed sand also
included some angular particles (a consequence of crushing), resulting in a difference in the peak
heights between the two concretes, which can be observed on the EDS spectrum at the paste/aggregate
interface, as shown in Figure 14b,d.

4. Conclusions

e In this investigation, a combination of crushed sand and river sand to develop an optimal mix
design for concrete is proposed. Crushing sands (three quarry sites were identified) were analyzed
and used in different proportions for the formulation of concrete combined with river sand.
Physical, mechanical, and microstructural tests were carried out on the studied concretes. From
the results of this study, following conclusions can be drawn. The results confirmed that the use
of crushed sands (from gneiss rock) for the concretes mixes is possible;

e  The results showed that increasing the amount of crushed sand decrease the slump. It is due to
the high proportions of fine particles. This high proportion of fine particles in quarry sands has
shown to have an impact on the drying shrinkage of different formulated concretes, as well as on
porosity and gas permeability;

e Drying shrinkage increased very swiftly in the first few days, with high values recorded for the
concrete with 100% crushed sand compared to the concrete with 100% river sand;

e  The use of crushed sand in the design of concrete mixes in proportions of 50% reduced the porosity
accessible to water and the gas permeability of the concrete;

e  The mixture of 50% crushed sand and river sand in the concrete mix design did not have a
significant influence on the compressive strength of the concrete at 28 days, with a slight reduction
of about 2 to 3%;

e A reduction in the static modulus of elasticity of the conventional concrete of about 5.8% was
observed compared to the concrete with 50% crushed sand;

e  The compressive strength of the concretes increased as the curing age increased from 28 to 90 days
by 14.41% and 20.62%, respectively, for both concretes with and without crushed sand;

e  SEM observations provided a good understanding of the porosity results. It was also found that
the microcracking structure pattern is higher for concrete made with 100% of river sand, compared
to the concrete made with 50% of river sand.

Supplementary Materials: The following are available online at http://www.mdpi.com/2673-4109/1/3/11/s1,
Figure: presentation of the equipment used in this study as well as images of curing of concrete samples.
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